The outcome of neutral and photoionized N͑CH 3 ͒ 2 primary products of trimethylamine photodissociation at 193 nm is determined by combining photoionization detection with supporting G3 theoretical calculations. N͑CH 3 ͒ 2 primary products with very little internal energy show an experimentally observed ionization onset of 9.1Ϯ0.2 eV, but do not appear at the parent ion (m/eϭ44). Instead, the parent ion is unstable and easily fragments to m/eϭ42, where the signal is observed. N͑CH 3 ͒ 2 radicals with higher internal energies undergo H-atom loss from the neutral to give CH 2 NCH 3 , which has an observed ionization onset at parent (m/eϭ43) of Ͻ9.3 eV. At slightly higher ionization energies, these secondary products also appear at m/eϭ42 ͑where their appearance energy is roughly 9.8-9.9 eV, uncorrected for internal energy͒. Finally, N͑CH 3 ͒ 2 radicals with the highest internal energy in this study appear to undergo H 2 loss as neutrals, giving rise to a species whose parent ion has m/eϭ42. The ionization onset of this species at m/eϭ42 is found to be in the range of 9.5-9.6 eV.
I. INTRODUCTION
We recently reported the results of the photodissociation reactions of trimethylamine ͓N͑CH 3 ͒ 3 ͔ following 193 nm excitation. 1 In analyzing the resulting dissociation pathways, we discovered that little is known about the energetics and ionization characteristics of methylated nitrogen-containing radicals. These radicals were of interest to us both as products of the photodissociation reactions of trimethylamine 1 and dimethylformamide 2, 3 at 193 nm, and also as possible participants in combustion reactions. The experiments outlined in this paper seek to characterize the methylated nitrogen-containing products of the photodissociation of trimethylamine at 193 nm, by analyzing both their energetics and ionization properties. Nitrogen-methyl bond fission was the only primary photodissociation pathway identified following 193 nm excitation of trimethylamine. 1 The primary N͑CH 3 ͒ 2 radical products were found to exhibit distinct ionization characteristics depending on their internal energy ͑given by the 193 nm photon energy minus the N-CH 3 bond energy and observed translational energy͒. This suggested the existence of additional channels, possibly proceeding through secondary dissociation of the neutral species and/or competitive fission to electronically excited N͑CH 3 Based on theoretical estimates of its energy, 3, 4 the formation of N͑CH 3 ͒ 2 (Ã 2 A 1 ) was discounted as a primary reaction product. 1 To distinguish among the remaining possible channels, information such as the energies of formation and ionization are needed for the products of the secondary dissociation reactions. Table I summarizes these values available from the few earlier studies found in the literature. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Studies on the neutral species of formula NC 2 H 4 are particularly scant, and various possibilities exist for its structure, including the linear HCNCH 3 and H 2 CNCH 2 forms.
This study provides a characterization of both the N͑CH 3 ͒ 2 radical and its secondary neutral and ionic dissociation channels by using the photodissociation of trimethylamine at 193 nm as a primary radical source, and tunable photoionization to detect the primary and secondary neutral photofragments. Tunable photoionization, at least in principle, permits sensitive detection of reaction products just above their threshold for ionization, which, by reducing the excess internal energy of the parent ions, eliminates or significantly reduces dissociative ionization channels that complicate other detection techniques. 1 Besides obtaining information on the ionization energies of the reaction products, the amount of internal energy in the primary N͑CH 3 ͒ 2 prod-ucts can also be determined, by analyzing the amount of energy disposed to relative product translation of the N͑CH 3 ͒ 2 ϩCH 3 products. In this paper we present the experimentally determined limits on the enthalpies of the formation and ionization energies of the resulting nitrogen-containing radicals and closed-shell species. By combining these results with theoretical calculations, we have characterized secondary dissociation channels of the N͑CH 3 ͒ 2 radical photoproduct, providing a deeper understanding of the complicated dynamics at play in these nitrogen-containing systems.
II. EXPERIMENTAL DETAILS
These experiments studied the photodissociation products of trimethylamine at 193 nm by detecting the neutral photofragment recoil distributions with a crossed lasermolecular beam apparatus, described in detail in Ref. 22 . Tunable photons employed for the product detection via photoionization were produced when the ALS electron beam passed through a U10 undulator ͑bandwidth at FWHMϭ0.5 eV͒. 23, 24 Various filtering methods were used to eliminate higher harmonics of the selected energy. Unless otherwise noted, the experiments described in this paper used a probe photon energy of 10.5 eV with a MgF 2 window in place to eliminate virtually all photon flux above 11 eV.
A 5% mixture of trimethylamine ͓N͑CH 3 ͒ 3 ͔ in helium ͑obtained from Matheson Gas Products͒ was expanded from the pulsed valve source ͑nozzle diameterϭ1 mm), with a stagnation pressure of 500 Torr. A scan of the mass spectrum in the range from monomer to dimer mass/charge ratio under typical experimental conditions revealed no contributions from species of higher mass than monomer. The intensity of the parent N͑CH 3 ͒ 3 ϩ ion signal was, however, strongly dependent on ionization energy through the range of 9-12.7 eV. The ionization potential of trimethylamine is 7.85 eV, 5 and for probe photon energies below 10 eV, the signal at parent (m/eϭ59) was much stronger than the signal at m/eϭ58. At higher ionization energies, however, the parent peak diminished in intensity as dissociative ionization became competitive, such that at 12.7 eV, the peak at m/eϭ58 was much more intense than the parent peak. The molecular beam was characterized via hole burning at the parent ion ͑m/eϭ59) at either 10 or 10.5 eV, with the mean peak beam velocity found to be 1.30ϫ10 5 cm/s and a full width at halfmaximum ͑FWHM͒ of 35%.
In the experiments described here, we have measured the signal for several parent and daughter ions of the neutral photoproducts at various angles of the molecular beam with respect to the detector axis: at m/eϭ43 ͑10°, 11 eV; 30°, 11 eV͒, 42 ͑30°, 10 eV; 30°, 10.5 eV; 30°, 11 eV͒ and 15 ͑30°, 10.5 eV; 50°, 10.5 eV͒. No discernible signal was observed at m/eϭ57 ͑10°, 10.5 eV͒, 30 ͑10°, 10.5 eV͒, 29 ͑10°, 10.5 eV͒, 17 ͑30°, 10.5 eV͒ or 16 ͑10°, 13.5 eV͒. The quadrupole was adjusted to approximately 0.4 amu resolution ͑FWHM͒.
In addition, a very small signal was observed at m/e ϭ44 ͑10°, 10 eV; 10°, 10.5 eV; 30°, 10.5 eV͒. In order to determine the source of this signal, photofragment TOF spectra were collected at 0.2 amu intervals from m/eϭ42.0 to 44.0 ͑30°, 10.5 eV͒. Because this signal is observed off the molecular beam ͑center-of-mass͒ velocity axis, it arises from photoproducts. One can determine the source of this signal by integrating the area under the photofragment TOF spectrum as a function of the mass/charge ratio of the ions passing through the quadrupole mass filter. The resulting integrated peak intensities ͑see Fig. 1͒ show that, while photoproducts appear at m/eϭ42 and 43 ͑with clear separation of the masses by the quadrupole͒, no m/eϭ44 can be discerned above the very small high-mass wing of m/e ϭ43. In addition, the photoionization curves constructed from data collected nominally at m/eϭ44 appeared identical to those obtained for the m/eϭ43 signal. This places an upper limit on the possible intensity of the signal at m/e ϭ44 as Ͻ10 Ϫ3 of the intensity at m/eϭ43. We determined the photoionization yields for the photoproduct signal at m/eϭ42 and 43 by recording TOF spectra at each mass. The spectra were collected at 0.2 eV increments of the nominal photon energy from 8.7-10.7 eV (m/eϭ42) and from 8.5-10.7 eV (m/eϭ43), for 50 000 laser shots, each with a 30°angle between the molecular beam and detector axes. The MgF 2 window was in place for all of these scans, and the laser power was held constant at 55 mJ/pulse. The integrated peak area for each species was corrected for drift in the probe photon flux and was plotted as a function of photoionization energy.
A power study of the observed TOF signal was the most direct way to ensure that the electronic transition of trimethylamine was not saturated. ͑The ArF excimer transition provided the 193 nm light.͒ We conducted a power study of the signal at m/eϭ42 with laser powers ranging from 10 to 60 mJ/pulse, resulting in attenuated powers of roughly 80% in the interaction region, a cross-sectional area of 1ϫ3 mm 2 . It revealed no change to the fast edge of the TOF spectrum, and so the experiments described in this chapter were run with a laser power of between 50-60 mJ/pulse, at 100 Hz repetition rates.
III. THEORETICAL METHODOLOGY
Supporting calculations were performed using the GAUSSIAN 98 package of programs, 25 with the intent of providing insight into the possible dissociation and ionization channels of relevance to these experiments. As shown previously, 7,26-34 the potential energy surfaces of the species NC n H m and particularly the ions NC n H m ϩ are quite complex, exhibiting a large number of minima and saddle points, corresponding to a considerable number of isomers and conformers. From these possible species, a relevant subset was chosen, and calculations of bond dissociation energies, ionization energies, and fragment appearance energies ͑corre-sponding to dissociative ionization͒ were performed, to enable the determination of the ionic and neutral species formed in the present experiments.
Calculations leading to thermochemical quantities presented in Table II ͑and in Tables III-V of Ref. 35͒ were performed at the G3 level of theory, 36 which is the latest in the series of Gaussian-n theories. Using the G2/97 test set, the reported overall average absolute deviation between experiment and the G3 results is 1.02 kcal/mol, corresponding to a standard deviation ϭ1.47 kcal/mol. Hence, for the species considered in the present work, the G3 calculated results are expected to fall within Ϯ3 kcal/mol of the true value. More details of the calculations performed here are found in the electronic supplementary material ͑EPAPS͒.
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IV. RESULTS AND ANALYSIS
The photofragment TOF spectra from these experiments are consistent with the results of earlier experiments, showing N-CH 3 bond fission to be the dominant primary dissociation event following 193 nm excitation. 1 The photofragment TOF spectra at m/eϭ43, 42, and 15 ͑shown in Figs. 2-4͒ were fit by two recoil translational energy distributions, P(E T )'s ͑shown in Fig. 5͒ , corresponding to primary N-CH 3 bond fission. That these P(E T )'s are identical to those used previously to fit the 200 eV electron impact data 1 illustrates that the translational energy release is independent of ionization technique, as it should be. The assignment of these distinct channels to the processes
is shown in the following sections. Additionally, here we suggest that the slow, unfit signal at m/eϭ42 ͑Fig. 3͒ is a NC 2 H 4 product arising from secondary dissociation: 
Photoion yield curves obtained by integrating photofragment TOF spectra at m/eϭ43 and 42 ͑the only mass/charge ratios at which nitrogen-containing reaction products were observed in the present experiments͒ were used to characterize the products and are analyzed in the following sections. The results show that reactions ͑1͒-͑3͒ produce species with distinct photoionization characteristics. Because the reaction products also can be identified by kinetic energy release, we have determined that following 10.5 eV photoionization, the nitrogen-containing products of reactions ͑1͒ and ͑3͒ appear at m/eϭ42, while the nitrogen-containing product of reaction ͑2͒ appears at both m/eϭ43 and m/eϭ42. Additionally, each component of the TOF spectrum at m/eϭ42 was found to have a distinct photoionization curve. Thus, each of the three distributions arises from a different neutral precursor.
A. Species appearing at mÕeÄ43: CH 2 NCH 3
Although the photon resolution in these experiments is relatively low, the shape of the photoionization curve shown in Fig. 6 can be interpreted as representing the parent ionization of a species with a relatively broad Franck-Condon en- 
FIG. 5. Recoil translational energy distributions ͓P(E T
's͔ used to fit the TOF spectra both in this paper and in previous work ͑Ref. 1͒ that used 200 eV electron-impact ionization ͑Ref. 1͒. The faster P(E T ), extending from 26-66 kcal/mol, was assigned previously ͑Ref. 1͒ to N͑CH 3 ͒ 2 (X 2 B 1 ) ϩCH 3 . The slower P(E T ) shown here, extending from 0-46 kcal/mol, corresponds to the primary formation of unstable N͑CH 3 ͒ 2 *ϩCH 3 , where the N͑CH 3 ͒ 2 radical undergoes secondary H-atom loss prior to its arrival at the detector.
velope, where the observed photoion spectral shape roughly corresponds to an integral over this envelope. The tail region hides unresolved initial ͑low͒ Franck-Condon factors, which, as the photon energy increases, build up and attain maximum probability in the region of steepest slope, finally leveling off when the Franck-Condon envelope is exhausted. If the final point in Fig. 6 represents a leveling off, then the vertical ionization energy of the species appearing at m/eϭ43 is close to ϳ10.0 eV. Ideally, the signal onset at the low-energy end should correspond to the adiabatic ionization energy. However, the tail region is rendered complex by several factors, which tend to work in opposite directions: very low Franck-Condon factors tend to push the experimentally measurable onset to energies higher than the true adiabatic ionization energy, while low photon resolution and hot bands ͑arising from neutrals that are internally excited in the Franck-Condon active symmetric vibrational mode͒ tend to push the apparent onset toward lower energy. Selecting a point just before the more pronounced section of the ascent, such as ϳ9.3 eV, should produce a relatively ''safe'' upper limit to the adiabatic ionization energy. The true adiabatic onset is expected to be in the ''tail'' region, at a lower energy and difficult to pinpoint more accurately.
Assuming the interpretation of the data at m/eϭ43 as parent ionization to be correct, then the neutral species in question has a composition NC 2 H 5 with a vertical ionization energy of ϳ10.0 eV and an adiabatic ionization energy of Ͻ9.3 eV. The simplest secondary dissociation process to produce NC 2 H 5 from the primary N͑CH 3 ͒ 2 product is straightforward C-H bond cleavage, leading to a CH 3 -NϭCH 2 structure. In agreement with this, we see in Table II that the adiabatic ionization energy IE a ͑CH 2 ϭN-CH 3 ͒ϭ9.14 eV and the vertical ionization energy IE v ͑CH 2 ϭN-CH 3 ͒ϭ9.96 eV at the G3 level of theory.
This reinforces the assignment of the neutral species to CH 2 ϭNCH 3 , 1 AЈ(C s ), formed by secondary dissociation of N͑CH 3 ͒ 2 radicals:
The calculated minimum energy required for the secondary production of CH 2 ϭNCH 3 is thus 109.5 kcal/mol ͑see Table  V of Ref. 35͒ , which corresponds to a maximum of 39 kcal/ mol remaining for relative product translation. The less precisely determined experimental enthalpy changes are smaller for each reaction above, giving a maximum of 44 kcal/mol available for product translation. The translational energy distribution for this reaction, the slower one in Fig. 5 , extends to 46 kcal/mol. The upper limit of this P(E T ) is difficult to determine, however, because it assumes secondary H-atom loss from N͑CH 3 ͒ 2 to have no impact on the velocity of the CH 2 NCH 3 products. Within this assumption, the calculated and observed maximum translational energies are in quite reasonable agreement.
B. Shape and energetics of the TOF spectra at mÕe Ä42
The photofragment TOF spectrum at m/eϭ42 obtained by 11 eV photoionization ͑see Fig. 3͒ is very similar to that obtained using 200 eV electron impact ionization, 1 where the bulk of the signal is fit well with the two P(E T )'s shown in Fig. 5 . Because the translational energies of the fastest products extend close to the limit of available energy following N-CH 3 bond fission ͓compare E avl ϭ70Ϯ3 kcal/mol from G3 calculations with the maximum translational energy in the faster P(E T ) in Fig. 5͔ , the higher kinetic energy distribution is attributed to N͑CH 3 ͒ 2 (X 2 B 1 ) radicals formed with little internal energy, which arrive intact at the detector. 1 The slower P(E T ) was assigned in the previous section to unstable N͑CH 3 ͒ 2 * primary products that undergo secondary H-atom loss to CH 2 NCH 3 , appearing when ionized at both m/eϭ43 and m/eϭ42.
The shape of the m/eϭ42 TOF spectrum changes markedly at lower photoionization energy ͑see Fig. 7 obtained at 10 eV͒, where not only are the different ionization efficiencies of the contributing species obvious, but the rising edge of the spectrum is also overfit by the faster P(E T ). The change in the rising edge is puzzling, as this indicates ionization of only a slow subset of the N͑CH 3 ͒ 2 reaction products. It is possible that the ionization is dependent on the internal energy of the radicals, and that at 10 eV, the fastest N͑CH 3 ͒ 2 (X 2 B 1 ) products ͑i.e., those with the least internal energy͒ are not being ionized. The ionization efficiency of polyatomic radicals is not usually so strongly dependent on internal energy, however, and if this explanation is true, it would represent a rather unusual case.
Also apparent in Fig. 3 is additional slow TOF signal not fit by either of the P(E T )'s shown in Fig. 5 . A similarly underfit slow signal at m/eϭ42 was observed in the experiments utilizing 200 eV EI ionization.
1 ͑The scatter in the data We have attributed this signal to the ionization of neutral CH 2 NCH 3 secondary products.
points at lower ionization energies in Fig. 7 In order to convert the observed unfit portion of the TOF distribution into a translational energy release distribution, there must be a TOF observation for the momentum-matched partner. Even if we assume H 2 loss to leave the velocity of the NC 2 H 4 radicals unchanged from their N͑CH 3 ͒ 2 parents ͑as would be the case in a barrierless process͒, there is no slow signal in the CH 3 TOF spectrum unfit by reactions ͑1͒ and ͑2͒ ͑see Fig. 4͒ . This is not overly surprising, as it is likely that H 2 loss provides a velocity ''kick'' to the recoiling NC 2 H 4 radicals, such that their times of arrival at the detector are broadened to fast and particularly to slow times compared to the methyl radicals that are momentum matched to the unstable N͑CH 3 ͒ 2 † precursor. The best we can do then is to fit the slow portion of the m/eϭ42 TOF distribution to a velocity distribution, P(v), of the neutral precursor to the signal at m/eϭ42, shown in Fig. 8 .
If this distribution indeed corresponds to primary dissociation to unstable N͑CH 3 ͒ 2 † ϩCH 3 , we can obtain a P(E T ) by converting from velocity to recoil translational energy. The P(E T ) thus derived extends from 0-24 kcal/mol and is likely broader than the ''true'' primary P(E T ), due to the probable exit barrier to H 2 loss and concomitant velocity kick imparted to the NC 2 H 4 radicals. The upper limit can be used to find the minimum internal energy of the unstable N͑CH 3 ͒ 2 † radicals. The available energy following 193 nm excitation and N-CH 3 bond fission is given by (148Ϫ78 ϭ)70 kcal/mol. The upper limit of the P(E T ) derived from the P(v) shown in Fig. 8 . At this ionization energy, the TOF spectrum is bimodal, and the fit to the data appears to be too broad, especially for the fast peak. Reasons for this effect are discussed in the text.
FIG. 8. An additional velocity distribution, P(v)
, shown in the inset, can be used to fit the slowest, previously unfit portion of the signal at m/eϭ42. ͑The TOF data is the same as shown in Fig. 3 .͒ All of these possible structures are energetically accessible, and we now turn to the ion appearance energies at m/e ϭ42 for additional information that may help in identifying this species.
C. Ionization characteristics of the species appearing at mÕeÄ42: N"CH 3 … 2 , CH 2 NCH 3 , and NC 2 H 4
The total photoion yield curve corresponding to m/e ϭ42, shown in Fig. 9 , hints at three contributions that may correspond to the three distributions used to fit the m/e ϭ42 TOF spectra. The ion signal starts to appear around 9.0-9.1 eV, and, after a modest increase, quickly levels off. A second, slightly more pronounced contribution starts at ϳ9.5 eV, causing the ion yield to ascend nearly linearly until ϳ10.1 eV. At that point there appears to be a break in the slope, and a new, quasilinear increase in the ion yield ensues, continuing to the highest energy point recorded here. We have attempted to determine independently the partial photoion yield of each contribution, by integrating separately the signal over times of flight where each of the P(E T )'s and P(v) is dominant. Unfortunately, as seen in Fig. 8 , the arrival times of the three components overlap to a great extent, making a clean separation of the three components difficult to achieve and resulting in ''cross-contamination.'' In addition, the three partial photoionization yield curves have significantly larger scatter than the total photoion yield curve, making the interpretation even more difficult. Figure 10͑a͒ shows the partial photoionization yield curve for the fastest signal at m/eϭ42, obtained by integrating the time-of-flight signal between 90 and 100 s. At the earliest of these flight times, only the fast channel contributes, and over the rest of this integration range, the relative intensity of the middle distribution is less than 10% of that of the fast distribution. The partial photoion yield has an apparent onset at ϳ9.1 eV, after which it curves up to ϳ10.2 eV, where it shows a tendency to level off. This is followed by a further increase given by a few scattered points at higher energies, although it is not entirely clear whether this belongs to the ''fast'' component or represents a ''contamination'' from the middle component. A comparison with the total yield in Fig. 9 suggests that the fastest component is predominantly responsible for the portion of the total yield at lowest energies.
The overall shape of the spectrum in Fig. 10͑a͒ strongly suggests parent ionization, with an adiabatic ionization onset of ϳ9.1 eV ͑or lower͒ and a vertical ionization energy very roughly 0.6-0.7 eV higher. These values show excellent agreement with the predicted adiabatic and vertical ionization energies of CH 3 NCH 3 ͑see Table II͒ . The calculated adiabatic ionization energy of CH 3 NCH 3 to the triplet cation of similar structure ͑dimethyl nitrenium͒ is predicted to be 9.0 eV, and to the singlet cation to be 9.1 eV, both coinciding with the discernible onset in Fig. 10͑a͒ . Furthermore, the predicted vertical ionization energies of dimethyl amidogen to the singlet and triplet ionic surfaces are 9.7 and 9.8 eV, respectively, quite close to the middle of the first rise in Fig.  10͑a͒ . Figure 10͑b͒ displays the partial photoionization efficiency curve associated with the ''middle'' species at m/e ϭ42, obtained by integrating the photofragment TOF spectra between 112 and 121 sec. While it is very difficult to avoid contributions from both the ''fast'' and the ''slow'' components, the integration limits chosen here are an attempt to minimize these unwanted contributions by keeping their sum to less than 10% of the desired ''middle'' component. The partial spectrum of the ''middle'' component seems to correspond to the rise seen at the high-energy end of the total photoionization efficiency spectrum presented in Fig. 9 .
A fragment resulting from photodissociative ionization of a heavier parent is the most likely source of the signal in Fig. 10͑b͒ , judging by the general shape of the spectrum. 37, 38 The quasilinear rise at higher energy suggests that the appearance energy for the fragment in question is in the neighborhood of 9.8-9.9 eV. ͑Technically, this value should be corrected for the average internal energy of the neutral parent, which may be available to the photodissociative ionization process. In the present case such a correction is rather FIG. 10 . The partial photoionization efficiency curve corresponding to the fastest two species appearing at m/eϭ42. ͑a͒ Fastest species: The TOF signal at m/eϭ42 was integrated from 90-100 s, and the intensity shown in this plot has been corrected for variations in the probe photon flux. The spectrum can be attributed to neutral N͑CH 3 ͒ 2 radicals, undergoing efficient dissociative ionization to NC 2 H 4 ϩ fragment ions ͑see the text͒. ͑b͒ Middle species: The TOF signal at m/eϭ42 was integrated from 112-121 s, and the intensity shown in this plot has been corrected for variations in the probe photon flux. The spectrum can be attributed to dissociative ionization of CH 2 NCH 3 ͑see the text͒.
difficult to do reliably, and may not be particularly important, given the approximate nature of the extracted appearance energy and the expectation that the excess energy of the parent will not be particularly well randomized between the available internal modes.͒ The assignment of this middle species to CH 2 NCH 3 is in agreement with calculations, which predict it to dissociatively ionize to the most stable isomer of NC 2 H 4 ϩ , N-protonated acetonitrile (H 3 C-CϵN ϩ -H) at 9.9 eV ͑see Table IV of Ref. 35͒. Finally, we focus our attention on the remaining ''slow'' species. Partial photoionization yield curves 35 suggest an ionization onset of р9.5 eV and a vertical ionization energy of у10.0 eV. The shape of the spectra suggests that the signal could arise from parent ionization, with two neutral species as obvious possibilities: CH 3 NCH and CH 2 NCH 2 ͓both arising from secondary dissociation of N͑CH 3 ͒ 2 ͔. The two species differ in the source of the secondary H 2 elimination, with the underlying assumption for facile production of either species that the transition state for elimination does not cause a skeletal rearrangement. Comparing the experimental with the calculated values in Table II , it seems most likely that the slow species is CH 2 NCH 2 with ionization to the triplet surface ͑IE ad ϭ9.4 eV and IE vert ϭ10.3 eV͒. It is hard to explain why ionization of CH 2 NCH 2 to the singlet surface of the ion is missing, unless ͑as witnessed by the large difference of 1.8 eV between the adiabatic and vertical ionization energy͒ this results in a very extended Franck-Condon envelope that corresponds to a weak feature not easily discernible above the background scatter.
A radical structure in which CH 2 NCH 2 forms a ring is also a possibility. The apparent onset of ionization is lower than adiabatic ionization either to the 3 B 1 ion ͑9.9 eV͒ or to the 1 A 1 ion ͑10.2 eV͒, but this may be a result of the lowenergy tail of the ''middle'' species, which is also present in the spectra. The vertical ionization energies to these surfaces ͑10.7 and 10.4 eV, respectively͒ show good agreement with the midpoint of the rise in photoion signal. 35 Hence, the assignment of the ''slow'' species as the CH 2 NCH 2 ring structure cannot be excluded.
V. DISCUSSION AND SUMMARY
Under soft photoionization conditions at the Advanced Light Source, we have been able to identify several products of trimethylamine photodissociation at 193 nm. We have characterized the N͑CH 3 ͒ 2 primary product and CH 2 NCH 3 secondary product, and have set some energetic limits on another secondary product, perhaps corresponding to NC 2 H 4 .
The radical N͑CH 3 ͒ 2 has an experimentally determined ionization onset of 9.1Ϯ0.2 eV, which is interpreted as being close to its adiabatic ionization energy. The calculated adiabatic ionization energy at the G3 level is 9.0Ϯ0.1 eV, similar to previous results at the G1 and G2 level (9.1Ϯ0.1 eV) by Wright and Miller. 39 The experimental evidence presented here suggests that the N͑CH 3 ͒ 2 ϩ ion formed by the photoionization of neutral N͑CH 3 ͒ 2 is unstable and very efficiently fragments on the timescale of the experiment to produce an ion of m/eϭ42. This suggestion is reinforced by the observation that at all explored energies in these experiments, we were unable to observe m/eϭ44 beyond the limit of Ͻ10 Ϫ3 of the intensity at m/eϭ43. Hence, the parent ion of CH 3 NCH 3 gives, at best, an extremely weak signal. Although the ionic species that is detected corresponds to a fragment, the onset and the shape of the photoionization efficiency curve are still defined by the Franck-Condon factors corresponding to the initial transition from the CH 3 NCH 3 neutral to the CH 3 NCH 3 ϩ surface͑s͒. This is because a direct transition from the CH 3 NCH 3 neutral to the NC 2 H 4 ϩ ϩH 2 asymptote involves vanishingly small Franck-Condon factors, so does not contribute to the observable photoionization efficiency.
While G3 calculations do find a minimum corresponding to CH 3 NCH 3 ϩ on both the singlet and triplet surfaces, they also show that the fragmentation of CH 3 NCH 3 ϩ to NC 2 H 4 ϩ ϩH 2 has several exothermic paths, depending on the assumed structure of the NC 2 H 4 ϩ ion. For example, the most stable ion of the NC 2 H 4 ϩ composition examined here, corresponding to N-protonated acetonitrile, CH 3 -CwN-H, 1 A 1 (C 3v ), corresponds to a fragmentation asymptote that is 51.7 kcal/mol downhill from the CH 3 NCH 3 ϩ singlet ion. 35 The rearrangement required to access this asymptote is generally facile on ionic surfaces ͑usu-ally much moreso than on neutral surfaces͒. A more exhaustive theoretical examination of the NC 2 H 4 ϩ potential energy surfaces ͑at the MP2/6-31G͑d͒//4-31G level͒ 34 also found this ion to be the most stable structure on the singlet surface. The same study indicated that the lowest NC 2 H 4 ϩ ion on the triplet surface is ϳ69 kcal/mol higher in energy, and hence does not provide an exothermic path for photodissociative ionization of dimethylamidogen on the triplet surface.
Although we have not tried to estimate the depth of the CH 3 NCH 3 ϩ minimum in the G3 calculations, nor have we tried to identify the transition state that would lead to a NC 2 H 4 ϩ ϩH 2 asymptote, prior theoretical studies indicate that the dimethylnitrenium ion is not particularly stable. For example, Ford and Herman 32 found that at the MP2͑full͒/6-31G͑d͒ level the CH 3 NCH 3 ϩ ion does not correspond to a local minimum on the singlet surface, but to a transition state for H migration to the immonium ion (CH 2 NHCH 3 ϩ ), while on the triplet surface the nitrenium (CH 3 NCH 3 ϩ ) and immonium ions were found to lie within 0.2 kcal/mol. For a comparison, at the G3 level of theory the immonium ion is also more stable than the nitrenium ion by 76.9 kcal/mol on the singlet surface, while on the triplet surface the immonium ion is less stable by 1.2 kcal/mol. 35 Two studies in the literature have found a value of the ionization energy of CH 3 -N-CH 3 , which lies in close agreement with that reported here. 8, 20 Those studies, however, relied on the pyrolysis of (CH 3 ͒ 2 NNO 8, 20 and (CH 3 ͒ 2 NNH 2 8 to provide the N͑CH 3 ͒ 2 radicals, a not particularly clean technique. It tends to produce a complex mixture of secondary species arising from equilibration to other isomers on the hot walls and recombination in the reaction vessel. Although Fisher and Henderson reported a signal at the parent ion (m/eϭ44), they also reported signals at m/eϭ45 and 43, interpreted as arising from ionization of dimethylamine, NH͑CH 3 ͒ 2 and methylenemethylamine, CH 3 NϭCH 2 . 8 Hence, it is not clear a priori whether their signal at m/e ϭ44 corresponds to direct ionization of CH 3 -N-CH 3 , as they suggested, or to some other isomer resulting from equilibration on the wall. In fact, it is not even clear whether their signal at m/eϭ44 arises from parent ionization or corresponds to dissociative ionization from a heavier species.
Castleman and co-workers 40 reported a lower (9.2 Ϯ0.2 eV) and upper (9.9Ϯ0.2 eV) limit to the appearance energy of the fragmentation process:
While the resulting ion has m/eϭ44, they suggested that its structure is CH 2 42 ͒ that sought an ion of structure N͑CH 3 ͒ 2 ϩ , observed no signal at m/eϭ44 following 70 eV ionization. Thon et al. studied the thermal decomposition of trimethylamine, and found the intensity of their suspected N͑CH 3 ͒ 2 primary product at m/e ϭ44 to be very low ͑below the error limit͒; however, the signal they observed at m/eϭ42 was strong. ͑They made no mention of the signal at m/eϭ43.͒ Levsen and McLafferty, who used collisional activation, characterized the decomposition of ions of formula NC 2 H 6 ϩ , produced from various sources, including trimethylamine. They found no peak at m/eϭ44, and concluded that ions of initial structure CH 3 NCH 3 ϩ rearrange to CH 3 NHϭCH 2 ϩ faster than the 10 Ϫ5 s drift time in their experiments. Then, depending on the amount of internal excitation of the latter ion, H-atom or H 2 loss occurs, giving rise to the observed signals at m/eϭ43 and m/eϭ42. In addition, they noticed that high internal energies favor H loss, while low internal energies increase the H 2 -loss channel. This seems to match our observation, where the fastest primary N͑CH 3 ͒ 2 photoproducts ͑i.e., those with the least internal energy͒ appear only at m/eϭ42, following H 2 loss in the ion. Our calculations show that the fragmentation of N͑CH 3 ͒ 2 ϩ to NC 2 H 4 ϩ ϩH 2 can be exoergic by ϳ50 kcal/mol, if the NC 2 H 4 ϩ ion corresponds to the N-protonated acetonitrile, helping to explain how H 2 loss can occur, even from those N͑CH 3 ͒ 2 radicals with very little internal energy. The lack of any parent signal at m/eϭ44 at near-threshold photoionization conditions implies that this fragmentation has a very low barrier.
The CH 2 NCH 3 closed-shell species formed in these experiments by secondary H-atom loss from N͑CH 3 ͒ 2 has an experimentally determined ionization onset of Ͻ9.3 eV. The calculated adiabatic ionization energy is 9.1 eV, while the vertical ionization energy from internally cold CH 2 NCH 3 is predicted to lie near 10 eV. A comparison with literature values places the experimental and adiabatic values toward the low end of previous observations 5 ͑ranging from 9.3-10.0 eV; see Table I͒ , while the calculated vertical value is in agreement with the higher values, which also correspond to vertical ionization energies. In our experiments, the signal from CH 2 NCH 3 appears not only at its parent ion m/eϭ43 but also as a fragment at m/eϭ42. The calculated appearance energy for CH 3 -C-NH ϩ fragment ions of CH 3 NCH 2 ϩ is 9.9 eV, while the experimentally observed onset ͑uncor-rected for the effect of the internal energy excitation͒ is ϳ9.8-9.9 eV. The close agreement between these values, together with the agreement of our ionization onset with previous observations and calculations, support our assignment of the ''middle'' distribution to CH 2 NCH 3 closed-shell species, formed by secondary dissociation of N͑CH 3 ͒ 2 primary photoproducts. Additionally, we have attempted to characterize the slowest species appearing at m/eϭ42. It would appear that this slowest channel arises from an internally hot primary N͑CH 3 ͒ 2 photofragment undergoing secondary H 2 loss. We were not able to study the H 2 molecule TOF distributions, and so this assignment is based solely on the inferred photoionization properties of the slowest signal at m/eϭ42. A comparison of the photoion yield spectra ͑which suggest an ionization onset of 9.5-9.6 eV͒ with calculated adiabatic and vertical ionization energies does not allow us to definitively assign this species. Studies utilizing higher resolution photoionization will be of great assistance in better characterizing this species. Additionally, the paucity of information in the literature on nitrogen-containing radicals of formula NC 2 H 4 leaves the results of the present study awaiting further experiments and calculations in order to definitively assign this species. The results of this work provide a starting point for future studies on the NC 2 H 4 radical, while also providing new information on the dissociation dynamics of the primary N͑CH 3 ͒ 2 radical products of the photodissociation of trimethylamine at 193 nm. The dissociation dynamics of nitrogen-containing systems have proven to be rich and complex, containing surprisingly unstable N͑CH 3 ͒ 2 radicals, and provide a fertile ground for further studies. Within the G3 procedure, the role of the initial HF calculations is simply to provide the first step in the geometry optimization and yield vibrational frequencies that are used to estimate the zero-point vibrational energy.
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However, these frequencies are also used as an indicator of whether the proposed geometry corresponds to a true local minimum or a saddle point on the potential energy surface. Of the various structures examined here, ~1/3 appeared to belong to local minima, while ~2/3 corresponded to first or second order saddle points at the HF level. However, at least in principle, the subsequent MP2 optimization may drift away from the initial HF geometry, resulting in a G3 calculation for a different conformer or isomer. In addition, a geometry that corresponds to a stable minimum at the HF level, may correspond to a saddle point at the MP2 level and vice versa. In order to avoid such surprises, the majority of structures, whether corresponding to true minima or saddle points with one or more imaginary frequencies at the HF level, were rechecked by performing a geometry optimization and computation of frequencies at the B3LYP/6-311G(d,p) level of theory. [1] [2] [3] In general, the additional B3LYP calculations confirmed the G3 findings based on the HF and MP2 optimizations. With one exception, only species corresponding to true minima both at the HF/6-31G(d) and B3LYP/6-311G** levels are reported in Tables III-IV Unfortunately, as seen in Figure 8 , over its entire range of TOF arrival times, signal from the "slow" species is overlapped by signal from the "middle" species.
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